Both the electronic and surface structures of metal nanomaterials play critical roles in determining their chemical properties. However, the non-molecular nature of conventional nanoparticles makes it extremely challenging to understand the molecular mechanism behind many of their unique electronic and surface properties. In this work, we report the synthesis, molecular and electronic structures of an atomically precise nanoparticle, [Ag 206 L 72 ] q (L = thiolate, halide; q = charge). With a four-shell Ag 7 @Ag 32 @Ag 77 @Ag 90 Ino-decahedral structure having an nearly perfect D 5h symmetry, the metal core of the nanoparticle is co-stabilized by 68 thiolate and 4 halide ligands. Both electrochemistry and plasmonic absorption reveal the metallic nature of the nanoparticles, which is explained by density functional theory calculations.
INTRODUCTION
Metal nanoparticles have emerged as an important topic in materials research in view of their intriguing properties and wide-range applications in areas such as catalysis [1] , electronics [2] , bio-sensing [3] and nanomedicine [4] , etc. Investigations have revealed that the size, shape and composition of these particles have a great influence on their properties [5] [6] [7] [8] . Thus unravelling the hierarchical nature in nanostructured systems is vital to the development of nanomaterials and nanotechnology [9] [10] [11] [12] . However, conventional nanoparticles are usually intrinsically heterogeneous and it is challenging to define their surface structures down to atomic precision, even with advanced transmission electron microscopy (TEM) and scanning-probe microscopies, therefore precluding studies of the precise correlation of particle structure and property [13] [14] [15] .
In recent years, great advances have been made in the syntheses of metal nanoparticles with monodispersity, in particular, atomically precise nanoparticles with well-defined surface structures that bestows on them the potential to shed light on important issues in surface sciences [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In the case of catalysis, atomically precise metal nanoparticles loaded on solid support provide an ideal system for studying interfacial phenomena and surface reactivities in relation to catalytic mechanisms [25, 30, 31] . As is well known, the capping reagents not only inhibit nanoparticle overgrowth and aggregation owing to electrostatic or steric repulsion [32, 33] , but also determine the composition and structure of the resulting nanoparticles in a precise manner. At the same time, surface ligands play a critical role in catalysis because they determine the accessibility of the reactant(s) to the nanoparticle surface [34] . On the basis of their crystal structures, study of the effect of the capping ligands on a particle surface can unveil adverse or favorable behavior in a catalytic reaction [31] . In essence, while the capping agents usually act as a physical barrier to restrict the access of reactants to the catalytic site, they can also be utilized to promote catalytic performance of nanocrystals [33] . However, few works have focused on the surface reactivity caused by the lability of capping agents on catalysis down to atomic precision.
In an attempt to gain insights with regards to the above-mentioned issues, we report herein the synthesis of a novel metal nanoparticle, formulated as [Ag 206 
RESULTS AND DISCUSSION
Synthesis and characterization. To prepare the silver nanoparticles co-protected by thiolate and halide, the metal precursors (i.e., silver hexafluoroantimonate) were chemically reduced by sodium borohydride in the presence of cyclohexanethiol (RSH) and triethylamine in a mixed solvent of methanol and dichloromethane at 0°C (see Methods and SI for more details). The asprepared product was characterized by electrospray ionization mass spectrometry (ESI-MS) in the positive ion mode. As shown in Fig. 1a , the obtained ESI-MS spectrum displayed a number of main peaks in the range of m/z from 5950 to 15300 with several ion species. The major mass peaks were identified as follows: [Ag 206 (Fig. 2a, b) .
The multi-shell Ag 7 @Ag 32 @Ag 77 structure can be described as follows. The innermost shell is the  1 decahedral (pentagonal bipyramidal) Ag 7 core (Fig. 2c) . It is capped on its ten faces by ten  2 triangular Ag 6 facets, to produce the second shell of  2 Ino-decahedral Ag 32 (Fig. 2d) . The latter is further enclosed by the third shell of  3 Ino-decahedral Ag 77 (Fig. 2e) . These three shells constitute the Ag 116 kernel with ten (111) facets and five (100) facets (the latter will be referred to as the belt at the equator).
It should be noted that this Ag 116 Ino-decahedron is distinctly different from Marks' multiply twinned decahedra [35] . Nevertheless, the Ag 116 kernel of Ag 206 can be also deemed as a miniature fivefold twinned nanorod constructed from five conjoined single-crystalline elongated tetrahedra along fivefold aspect (Supplementary Fig. 2 and Supplementary (Fig. 2j) . The most important observation of the ligand binding modes is that most of them are highly asymmetric ( Fig. 2 and Supplementary Fig. 4 ). For clarity, Ag-S, Ag-Cl or Ag-F distances longer than 2.7 Å are shown in Supplementary Fig. 4 (normal bond lengths are not shown). The only exception is the pentadentate chlorides coordinated to the apical Ag pentagons with average AgCl distance of 3.091 Å (Fig. 2g, Supplementary Fig. 4 and Supplementary Table 2 ). Thus, the thiolates capping the highly distorted  2 triangles (Fig. 2h ) may be considered as pentadentate with three short (normal) Ag-S bonds and two long Ag-S distances. The thiolates capping the square faces (Fig. 2k , m and n) are tetradentate with either three short (normal) Ag-S bonds and one long distance, or two short (normal) Ag-S bonds and two long Ag-S distances. In contrast to the thiolates, the fluorides capping the severely distorted silver squares ( (Fig. 1a) .
Motivated by the rather high symmetry (D 5 ) and a near-spherical overall shape of particle 1, we explored the electronic structure of 1 in various redox states (4- q  5+) via density functional theory (DFT) computations by using the real-space code GPAW [38] . It was found that the electronic density of states (DOS) is robust for a large variety of charge states of 1. An example is shown in Fig. 3 for the charge of -4 that corresponds to 138 free electrons. The DOS shows a rather significant HOMO-LUMO energy gap of about 0.4 eV at that electron number, and projection of the electron states to spherical harmonics [37] shows grouping of states both below and above the gap into defined symmetries that follow the spherical shell model [39] . Fig. 3 , the electron states show a degree of splitting and inter-mixing between different angular momentum sub-shells due to the distinct point-group symmetry and overall polyhedral shape of the core. To the best of our knowledge, particle 1 is one of the clearest examples of large ligand-stabilized noble metal nanoclusters that
show such a distinct superatomic electronic structure.
Thermostability and optical properties. The thermogravimetric analysis (TGA) of crystalline samples of 1 was also carried out to confirm its composition ( Supplementary Fig. 5a ). A total Fig. 5b ).
Electrochemical result.
A typical differential pulse voltammetry (DPV) response for the Ag 206 nanoparticle dissolved in 0.1 M Bu 4 NPF 6 /CH 2 Cl 2 at 0°C is given in Fig. 4b . It depicts a 12
evenly spaced (V is about 0.2 eV) peaks characteristic of charge injection to, and abstraction from, the metal core, indicating that Ag 206 is a multivalent redox species with no apparent HOMO-LUMO gap. The DFT calculations support this observation given that the electrochemistry achieves particle charge states that are less negative that 4-(i.e., the system is below the magic shell closing electron number of 138). The dense spacing of electronic states below 138 shell electrons (marked by a horizontal bar in Fig. 3 ) predicts a metallic behaviour in electrochemical experiments. Indeed, we calculated the total energy of particle 1 (without the solvent environment) in many charge states and found out that the energy behaves quadratically as a function of particle charge, with the optimal energy at q = -3|e| ( Supplementary Fig. 6 ). The energy minimum at this charge can be understood as the competition between the tendency to achieve the superatom shell closing (at q = -4|e|, i.e, 138 shell electrons) and the increased Coulomb repulsion between added negative charge. The quadratic behaviour of the total energy as a function of charge is a manifestation of metallic behaviour and indeed analogous to a completely classical case of charging a metal sphere [40] . The quadratic fit ( Supplementary Fig.   6 ) yields an estimate for the constant charging energy of 1 as about 1.15 eV for each reduction/oxidation step. Comparison to the measured evenly spaced DPV peaks at about 0.2 eV separation ( Fig. 4b) implies then that the dielectric environment of 1 in the reduction/oxidation process has an effective dielectric constant of about 6, which is a reasonable estimate taking into account both the thiol monolayer and the solvent. The metallic electrochemical charging has been reported previously in the case of thiol-stabilized gold clusters with about 144-146 gold atoms [41, 42] that are close to, but not yet achieving the magic shell electron count of 92 [43] .
The metallic DPV behavior coincides with only one intense plasmonic peak in UV-Vis spectrum of Ag 206 CH 2 Cl 2 solution. Additional confirmation of the metallic character of the Ag 206 core came from DFT calculations within the jellium description, where the positive background charge was smeared out uniformly in a polyhedral shape taken from the outermost Ag 90 shell of the metal core ( Supplementary Fig. 7 ). This calculation confirmed a similar electron shell structure ( Supplementary Fig. 7a, b) to that found in the atomistic calculation, furthermore, the calculated optical absorption showed one strong plasmonic peak ( Supplementary Fig. 7c ), although clearly shifted from the experimental results due to the lack of Ag(4d) screening and missing effects from the ligand layer.
Surface reactivity and Catalytic performance of 1. The analysis of the Ag-S bond distances in 1, as detailed above, revealed that most of the thiolates (22 SR) capping Ag 4 square faces tends to be two-or three-coordinated rather than four-coordinated (see Supplementary Fig. 4 ). These low-coordinated thiolates explain why the thiolated ligands can be easily replaced by halogen species, both as prepared in the solution phase as well as in the gas phase as observed in the ESI-MS measurements (Fig. 1a) . To test the high surface reactivities of 1, we also performed its ligand-exchange behavior with tert-butylacetylene (TBA). The result confirmed that these lowcoordinated thiolates or halides are easy targets for attack and eventual replacement by TBA ( Supplementary Figs. 8 and 9 ).
It occurs to us that the lability of protecting ligands on the surface of 1 could be exploited to perform catalytic reactions. The idea is to replace the surface thiolates or halides with a substrate (the reactant) which is subsequently activated by the Ag nanoparticle to undergo a certain reaction. On the basis of this hypothesis, we screened various reactions and discovered facile synthesis of indoles from 2-ethynylaniline derivatives using 1 as the catalyst. It is well known that 2-ethynylaniline derivatives have an acetylene terminal which has a strong affinity for, and could be selectively activated by, silver atoms. To this end, we prepared 1 and other reported nanoparticles (i.e. Ag 44 and Ag 374 ) [22, 23] Given the optimal reaction conditions ( Table 1 , entries 5 and 9), we compared the three types of nanoparticles supported on TiO 2 or carbon. As shown in Table 2 (entries 1-9), while the blank test showed that no desired product was detected in the absence Ag species, the Ag 206 /TiO 2 catalyst showed a much higher yield of over 99% in comparison to Ag 44 /TiO 2 (37%) [22] or Ag 374 /TiO 2 (38%) [23] , as well as various Ag(I) precursors (<30%). We attribute the observed excellent catalysis of Ag 206 /TiO 2 to the high surface reactivity and also unique electronic structure of Ag 206 clusters (vide infra). The choice of the inert solid support had little influence on the catalytic activity ( Table 2 , entries 9 and 10). In order to evaluate the catalytic activity of Ag 206 /TiO 2 , the catalytic process of this model reaction was monitored. As illustrated in Fig. 4b and 4c, the Ag 206 /TiO 2 catalyst displayed an extremely high activity and stability. Multiple runs of the reaction afforded the desired product with almost the same reaction activity and practically no obvious change in the particles size in the TEM images and UV-Vis spectra in a solid diffuse reflection mode ( Supplementary Figs. 10 and 11) , suggesting that the atomically precise structure of Ag 206 /TiO 2 was robust under the catalytic conditions.
Based on the catalytic results described above, we propose a tentative mechanism for the Ag 206 (1)/TiO 2 -catalyzed cyclization reaction as shown in Supplementary Fig. 12 The premise here is that the labile (most likely the asymmetrically bonded) thiolates could be easily replaced by the reactants such as 2a ( Supplementary Fig. 13 ), furnishing an opportunity for the efficient contact between supported Ag 206 catalyst and the reactant 2a. The strong covalent binding between the acetylene terminal of the reactant 2a and the surface Ag 4 squares of 1 could trigger the cyclization reaction to form indole products. It is likely that the activation process, as well as the catalytic activity is highly dependent on the surface reactivities and electron properties of silver nanoparticle. Interestingly, the DPV result of 1 also suggested that this nanoparticle was indeed a multivalent redox species; furthermore, at least four charge states of +5, +4, +3 and +2
were observed in the ESI-MS. These results imply that the Ag 206 nanocluster (1) 
CONCLUSION
In this study, the [Ag 206 (SR) 68 F 2 Cl 2 ] q (1) nanoparticle, was synthesized in high yield and structural characterized by X-ray crystallography, ESI-MS, TEM and UV-Vis spectroscopy. The
Ag 206 nanoparticle 1 can be described as a four concentric core-shell structure of 
Catalyst Preparation
Preparation of (AgSR) n polymer. 
Catalytic Experiments
Cyclization Reaction of N-(2-ethynylphenyl)-4-methylbenzenesulfonamide (2a) was carried out in a vial.
For each reaction, a mixture of reactant, catalyst and solvent was placed into reactor. Then reaction mixture was vigorously stirred at the designed temperature for required time. After cooling the room temperature, the supernatant was collected via centrifugation, and purified by flash chromatography or preparative chromatography on a silica gel. The yields of 1-tosyl-1H-indole (2b) were calculated with reference to the obtained product. The product identification was carried out using 
DFT calculations
All the atomistic and jellium DFT computations were done by using the real-space code package GPAW [38] . The experimental crystal structure of Ag 206 (SR) 68 F 2 Cl 2 (SR = cyclohexanethiol) was used as the starting point, and total energies of [Ag 206 (SR) 68 F 2 Cl 2 ] q with 4- q  5+ were evaluated via single-point calculations, i.e., ignoring the structural relaxation. For a cluster of this size, this is a reasonable approximation. The electron-electron interactions were described by the PBE-functional. The real-space grid spacing was 0.25 Å. Auxiliary DFT calculations were done within the jellium description without explicit atoms, but smearing the positive background charge uniformly in a polyhedral shape taken from the outermost Ag 90 layer in the core of (1). The real-space grid spacing in these calculations was set to 0.4 Å. The electronic structure of both the atomistic [Ag 206 (SR) 68 F 2 Cl 2 ] q and jellium model of the core with q = 4-(corresponding to 138 free electrons) was analyzed via projection of the Kohn-Sham orbitals to spherical harmonics as described previously [37] .
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